such as higher dynamic range and more effective control of the source frequency spectrum. Apart from increased resolution and increased depth of penetration, the signal spectrum received by SF-GPR provides the advantage of reading the real and phase parts, which can be made use of in analyzing subtle and complex inhomogeneities, particularly when carrying out tomographic inversion [7] .
The subsurface target detection and imaging performances of the GPR depend significantly on the convenient design of UWB transmitter and receiver (T/R) antennas to radiate efficiently the GPR impulse signal into the buried or concealed target [8] . The antennas must have a flat, highdirectivity gain, a narrow beam, and low side lobe and input reflection levels over the operational frequency band to reach the largest dynamic range, best focused illumination area, lowest level of T/R antenna coupling, reduced ringing, and uniformly shaped impulse radiation.
Synthetic aperture radar (SAR) is a wellknown technique which uses signal processing to improve the resolution beyond the limitation of physical antenna aperture [9] . In SAR, forward motion of actual antenna is used to 'synthesize' a very long antenna. SAR allows the possibility of using longer wavelengths and still achieving good resolution with antenna structures of reasonable size. SAR is very useful over a wide range of applications, including sea and ice monitoring, mining, oil pollution monitoring, oceanography, snow monitoring, classifcation of earth terrain etc. [10] .
In this study, a UWB SF-GPR system scenario is designed and realized by Rohde Schwarz ZVL-13 network analyzer. The network analyzer 
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sweeps a wide signal band between 10 MHz and 15 GHz with 201 frequency steps. The continuous SF method is applied. The UWB transmitter and receiver antennas designed for this GPR system are the partial dielectric loaded transverse electromagnetic (TEM) fed ridged horn (PDTEM-RH) and Vivaldi shaped TEM horn (PDVA). Due to GPR data collecting process for B-scan plots requires simultaneous measurements, Basic macro codes are evaluated for data acquisition from the network analyzer to the PC. Moreover, by using the constructed SAR scenario, B-scan and C-scan images of subsurface and back wall objects with better resolution are exhibited in figures.
Antenna systems and measurements The PDTEM horn, PDVA horn and array combinations have been introduced by A. S. Turk as efficient UWB impulse radiators operating from 150 MHz up to 10 GHz [11] [12] [13] [14] . In this work, novel TEM and ridged horn antenna versions, which are operating in the frequency band of 400 MHz -18 GHz, were designed with enhanced gain and VSWR performances. The measurement bandwidth is 10 MHz -15 GHz. The antenna gain is sufficiently high and almost stable over the wide band. Instead of using dielectric aperture filling methods (i. e. hemispherical lenses) that increase the physical dimensions and weight of the antenna, the partial dielectric lens loading has been proposed for TEM horn and double-ridged horn antenna (DRHA) models to improve the gain performance and to eliminate radiation pattern deterioration without significant changes on the antenna sizes and weight.
It is shown that PDTEM and PDTEM-RH designs are highly suitable for multi-band GPR operations, due to advantages of up to 10 dB enhanced gain performances (in comparison with standard RH) over 1:40 bandwidth ratio.
Data acquisition and simultaneous test measurement This study is devoted to data transfer from the network analyzer to the PC, signal processing techniques for transferred data, and post-processing by SAR algorithms. The network analyzer is set up for instantaneous measurement. However, B-scan GPR process requires simultaneous measurement. Thus, desired simultaneous measurements are collected by "for loop" written in Basic macro code. The measurement number is defined as 200. Also, the time interval between the simultaneous measurements is implemented by "sleep" command. This interval is set to 50 milliseconds.
An indoor test pool facility consisting of a wood box filled with dry soil has been constructed at our microwave research laboratory. The dimensions of the soil pool are 3.2×1.2×0.3 meters. The transmission coefficient S 21 is measured by the network analyzer over the operational band. For B-scan and C-scan images data, S 21 must be dependent on time. Therefore, the inverse Fourier transform of S 21 is applied to obtain matrix
(1)
The mathematical representation of "ifft" command is given as
where k represents the sampled points in the time domain, n represents the sampled points in the frequency domain, and N is the number of sampled points.
The background signal can be considered as a calibration or the reference signal for amelioration of the image of collected data. This signal consists of the direct pulse from transmitting and receiving antennas, ringing from the antennas, and clutter from other objects (not targets) that reflect the electromagnetic energy within the antenna beam width. The clutter can be minimized by using lower band radiator antennas. Nevertheless, this case will degrade the image resolution, which will cause hard-recognition of small buried objects. To reduce the clutter effect on B-scan plot, the reference signal is collected at the non-target position of the soil pool. If the transmission coefficient S 21 dependent on time is symbolized by a, then background removed A-scan signal is calculated as
where a B represents the non-target background signal; a i is each A-scan data obtained from initial clear region and N is its number, and a BR corresponds to background removed A-scan signal. Then, the absolute of background removed T matrix is plotted by "surface" command and B-scan image is obtained:
As shown in Fig. 1 , the test measurement system of SF-GPR uses PDVA horn shown in Fig. 2 as 
T/R antenna head. A typical metal plate separator is used for shielding between antennas so that coupling signal reduced. Buried objects scenario is given at Table 1 . Measurement results of the B-scan data are plotted in Fig. 3 , а, which can be seen successfully on the parabolas of the buried objects.
The reference signal is collected at the start point of the soil pool, although there can be slight differences between start and stop locations because of the heterogeneity of the soil. Fig. 3, а shows that four different types of objects can be detected clearly, and it is observed that metal plate reflects more signal as compared to other objects.
Another graphical representation of determining of position of the object is cumulative distribution, which represents the sum of vertical data changes on B-scan measurement data. As shown in Fig. 4 , there are four peak points, which correspond to the correct cross-range positions of the buried objects. On the other hand, the compressed sensing technique is applied to collected data and four parabolas in Fig. 3 , b are obtained more clearly than the image in Fig. 3, a. Obtained B-scan image by impulse GPR is given in Fig. 3 , c.
For SAR test scenario, four objects (U-shaped metal strip, metal plate, water glass and dielectric plate) are buried as defined in Table 2 . The operating principle scheme of fictive antenna array for SAR algorithm is shown in Fig. 5 .
To obtain SAR beam of antenna at each scan point, a balance phase term is added to S 21 pa- 
where H T 2 and d are vertical distance from location of reference antenna to target point and distance between antennas, respectively.
Difference between the distance from location of each antenna to the target point and the distance from location of reference antenna to the target point is given as
Then, SAR effect to S parameter can be calculated as
where k and N are the wave number and the number of antennas, respectively.
Also, SAR length of this process is calculated as
Three slices obtained from C-scan structure are given in Fig. 6 . In this figure, the buried objects are clearly visible. Since the location of metal plate is deeper than the other objects and the soil has high loss, the reflection from the metal plate is seen lower than U-shaped strip.
The other SAR application of our work is investigation of body model behind the brick wall. This target object model is shown in Fig. 7 . The width of the wall is 50 cm. The distance from the wall to the target is 60 cm. The wall is almost homogeneous.
The C-scan slices of through-wall imaging SAR operation are given in Fig. 8 . In this figure, it is seen that there is no object on near zone of the back wall, and the target body model behind the wall is clearly visible. The head and the trunk of body model can be seen in Fig. 9 . It is seen that through-wall imaging SAR operation gives better resolution than the conventional GPR operation. Conclusion The target detection and signal processing performances of the ground penetrating radar are presented by using novel UWB partial dielectric loaded horn designs. The subsurface and throughwall imaging of the buried target objects are 
demonstrated by using adaptive signal processing techniques in our GPR test scenario. It is shown that background removal, compressed sensing and SAR techniques provide enhanced resolution for imaging objects at different depths using novel antenna designs.
